An efficient and selective approach for the synthesis of polyfunctionalised 3-fluoropyrroles has been developed starting from commercial aldehydes. The methodology is concise, efficient and allows for the modular and systematic assembly of polysubstituted 3-fluoropyrroles. This synthesis provides an alternative and highly convergent strategy for the generation of these chemically and biologically important units. † Electronic supplementary information (ESI) available. See
Introduction
Polyfunctionalised pyrroles are an integral part of medicinal chemistry, forming the core unit of a number of biologically active compounds. [1] [2] [3] [4] Fluorinated polyfunctionalised pyrroles are particularly interesting due to their useful biological, metabolic, physical and pharmacokinetic properties. Key fluorinated pyrroles include compounds such as 1 and 2 which have been developed as anti-inflammatory and anti-hypertension agents respectively ( Fig. 1) . 5, 6 Thus, it is not surprising that a significant amount of interest has been devoted to the synthesis of fluorinated pyrroles in recent years. [7] [8] [9] As such, new flexible and efficient methods for their syntheses are desired.
Fluorinated α,β-unsaturated lactams were first synthesised via a ring-closing metathesis approach by Haufe and coworkers. 10 The work was extended by the groups of Rutjes and Marquez to produce a number of novel fluorinated compounds (Scheme 1). To date, most work has been centred on the synthesis of 5 and 6-membered lactams with various degrees of functionalisation. 11, 12 We feel fluorinated α,β-unsaturated γ-lactams would be the ideal building block to provide access to polyfunctionalised fluorinated pyrroles.
Herein, we would like to report a quick, flexible and modular synthesis of polyfunctionalised fluorinated pyrroles. The methodology allows for the systematic introduction of substituents to produce novel polyfunctionalised fluorinated building blocks (Scheme 1).
Results and discussion
Our initial approach to the synthesis of the pyrrole core began with the condensation of benzaldehyde 3 with t-butylsulfinamide to generate the corresponding imine, which upon vinylation with vinylmagnesium bromide afforded the desired allylic amine 4 in excellent yield. 13 Reductive amination of amine 4 with p-anisaldehyde then produced the PMB protected amine 5 in high yield (Scheme 2).
Coupling of amine 5 with 2-fluoroacrylic acid 6 then proceeded to produce the desired amide unit 7 in reasonable yield. Subsequent treatment of diene 7 with Grubbs 2 nd gen. catalyst then afforded the expected α,β-unsaturated lactam 8 in good yield. 12 Rewardingly, alkylation of fluorolactam 8 with methyllithium proceeded cleanly to generate the desired pyrrole unit 9 in excellent yield (Scheme 3). 14, 15 Mechanistically, we believe that this aromatisation process takes place through hemiaminal formation followed by elimination of water and double bond isomerisation. 15, 16 The alkylation-aromatisation methodology was then expanded by including an array of nucleophiles as to allow for the selective introduction of substituents at the C2 position of the C3 fluorinated-pyrrole ring. Thus, a collection of organometallic reagents including DIBAL-H, n-butyllithium, phenyllithium and allylmagnesium bromide were used to generate the desired substituted pyrroles 10-13 in high yields ( Table 1 ). [14] [15] [16] Having demonstrated the ability to incorporate substituents at the pyrrole C2 position through an alkylation-aromatisation process, it was decided to explore the ability of our methodology to incorporate substituents in the other pyrrole positions.
Thus, it was decided to showcase the methodology by generating a number of C3 fluorinated pyrrole analogues with different N-substituents. Synthetically, the generation of the new analogues was envisioned as originating through the incorporation of different aldehyde units during the reductive amination step.
Following this approach, different aromatic substitution patterns were initially explored with the benzyl and 4-bromobenzyl derivatives 14a and 14b being cleanly converted to the RCM precursors 15a and 15b in high yields ( Table 2 ).
The non-aromatic derivative 15c, bearing a cyclohexylmethyl group, worked well with yields upwards of 80% for both steps. N-Methylpyrrole-2-carboxaldehyde was also cleanly incorporated, yielding the desired diene 15d in good yield over the sequence.
Ring-closing metathesis was then successfully carried out in all cases, with isolated yields higher than 80%. 17 Scheme 3 Synthesis of fluorinated polysubstituted pyrrole 9. Gratifyingly, treatment of pyrrolidone compounds 16a-d with methyllithium under our alkylation-aromatisation methodology afforded the desired N-substituted pyrrole derivatives 17a-d in excellent isolated yields (Table 3) . At this point, it was decided to now focus on exploring the nature and effect of the starting aldehyde on our pyrrole forming sequence. By changing the identity of the starting aldehyde, a range of functional groups could be efficiently installed at the C5 position (Table 4) .
Electron donating and withdrawing aromatic analogues were investigated, resulting in good yields of the allylic amine intermediates 18a-c. Aliphatic aldehydes could also be converted to the corresponding primary amines 18d-e in reasonable yields. 18 Treatment of the crude allylic amines 18a-e under reductive amination conditions afforded the secondary amines 19a-e which upon coupling with 2-fluoroacrylic acid 6 generated the desired fluorinated amides 20a-20e in good yields.
Ring-closing metathesis in all cases proceeded in high yields (Table 5 ). However, examples with electron withdrawing substituents required extended reaction times and higher catalyst loadings (15 mol%) to achieve high yields. Gratifyingly, treatment of all the pyrrolidone intermediates (21a-21e) under the methyllithium promoted alkylation-aromatisation conditions yielded the desired fluorinated tetrasubstituted pyrroles 22a-e in good to excellent yield.
Conclusion
In conclusion, we have developed an efficient and selective approach for the synthesis of polyfunctionalised 3-fluorinated pyrroles. The methodology is concise and allows for the modular synthesis of chemically and biologically important units.
Experimental
All reactions were performed in oven-dried glassware under an inert argon atmosphere unless otherwise stated. Tetrahydrofuran (THF), diethyl ether, toluene and dichloromethane (DCM) were purified through a solvent purification system. Petroleum ether refers to the fraction boiling between 40-60°C. All reagents were used as received, unless otherwise stated. Solvents were evaporated under reduced pressure at 40°C unless otherwise stated. IR spectra were recorded as thin films on NaCl plates using a Fourier Transform spectrometer. Only significant absorptions (ν max ) are reported in wavenumbers (cm −1 ). Proton magnetic resonance spectra ( 1 H NMR) were recorded at either 400 or 500 MHz. Fluorine magnetic resonance spectra ( 19 F NMR) were recorded at either 377 or 470 MHz. Carbon magnetic resonance spectra ( 13 C NMR) were recorded at either 100 or 125 MHz. Chemical shifts (δ) are reported in parts per million ( ppm) and are referenced to the residual solvent peak. The order of citation in parentheses is (1) number of equivalent nuclei (by integration), (2) multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sext = sextet, sept = septet, m = multiplet, b = broad), (3) and coupling constant ( J) quoted in Hertz to the nearest 0.1 Hz. High resolution mass spectra were obtained by electrospray (EI) chemical ionisation (CI) mass spectrometery operating at a resolution of 15 000 full widths at half height. Flash chromatography was performed using silica gel (40-63 micron) as the stationary phase. TLC was performed on aluminium sheets pre-coated with silica (Silica Gel 60 F254) unless otherwise stated. The plates were visualised by the quenching of UV fluorescence (λ max 254 nm) and/or by staining with either anisaldehyde, potassium permanganate, iodine or cerium ammonium molybdate followed by heating.
General procedure I
A solution of the diene (1 eq.) in toluene (0.005 g ml −1 ) and was heated to 100°C. Grubbs 2 nd generation catalyst was added in portions and the reaction was stirred until completion as indicated by TLC analysis. The reaction was cooled down to room temperature, the solvent was removed under reduced pressure and the crude material was purified by flash column chromatography.
General procedure II α,β-Unsaturated lactam (1 eq.) was dissolved in diethyl ether (5 mL) and cooled to 0°C. Methyllithium (1.1 eq.) was added dropwise and the mixture was stirred for 1 h. Following this time, the reaction was quenched with H 2 O (10 mL), extracted with diethyl ether (3 × 10 mL), dried (Na 2 SO 4 ) and evaporated in vacuo. The crude residue was purified by flash column chromatography.
3-Fluoro-1-[(4′-methoxyphenyl)methyl]-5-phenyl-2,5-dihydro-1H-pyrrol-2-one, 8. Dialkene 7 (270 mg, 0.84 mmol) was treated with 7.5 mol% Grubbs 2 nd generation catalyst as described in General procedure I. The crude product was purified by flash column chromatography (0-15% EtOAc in petroleum ether) to yield the desired α,β-unsaturated lactam 8 (210 mg, 0.71 mmol, 83%) as a pale yellow oil. 1 3-Fluoro-1-[(4′-methoxyphenyl)methyl]-2-methyl-5-phenyl-1H-pyrrole, 9. α,β-Unsaturated lactam 8 (36 mg, 0.12 mmol) was reacted with methyl lithium (83 μL, 0.13 mmol, 1.6 M in diethyl ether) following General procedure II. The product was purified by flash column chromatography (0-2.5% diethyl ether in petroleum ether) to yield the pyrrole 9 (30 mg, 0.1 mmol, 86%) as a white solid. 1 3-Fluoro-1-[(4′-methoxyphenyl)methyl]-2,5-diphenyl-1H-pyrrole, 11. α,β-Unsaturated lactam 8 (45 mg, 0.15 mmol) was dissolved in diethyl ether (5 mL) and cooled to 0°C. Phenyllithium (87 μL, 0.16 mmol, 1.9 M in di-n-butyl ether) was added dropwise and the mixture was stirred for 1 h. Following this time, the reaction was quenched with H 2 O (10 mL), extracted with diethyl ether (3 × 10 mL), dried (Na 2 SO 4 ) and evaporated in vacuo. The crude residue was purified be flash column chromatography (0-2.5% diethyl ether in petroleum ether) to yield the pyrrole 11 (50 mg, 0.14 mmol, 93%) as a white solid. 1 3-Fluoro-1-[(4′-bromophenyl)methyl]-5-phenyl-2,5-dihydro-1H-pyrrol-2-one, 16b. Dialkene 15b (120 mg, 0.31 mmol) was treated with 7.5 mol% Grubbs 2 nd generation catalyst as described in General procedure I. The crude product was purified by flash column chromatography (0-5% EtOAc in petroleum ether) to yield the desired α,β-unsaturated lactam 16b (100 mg, 0.29 mmol, 96%) as a pale yellow oil. 1 3-Fluoro-1-[(1′-methyl-1H-pyrrol-2′-yl)methyl]-5-phenyl-2,5dihydro-1H-pyrrol-2-one, 16d. Dialkene 15d (80 mg, 0.27 mmol) was treated with 7.5 mol% Grubbs 2 nd generation catalyst as described in General procedure I. The crude product was purified by flash column chromatography (0-5% EtOAc in petroleum ether) to yield the desired α,β-unsaturated lactam 16d (60 mg, 0.22 mmol, 81%) as a pale yellow solid. 1 1-[(4′-Bromophenyl)methyl]-3-fluoro-2-methyl-5-phenyl-1Hpyrrole, 17b. α,β-Unsaturated lactam 16b (38 mg, 0.11 mmol) was reacted with methyllithium (74 μL, 0.12 mmol, 1.6 M in diethyl ether) following General procedure II. The product was purified by flash column chromatography (0-2.5% diethyl ether in petroleum ether) to yield the pyrrole 17b (31 mg, 0.09 mmol, 83%) as a white solid. 1 1-(Cyclohexylmethyl)-3-fluoro-2-methyl-5-phenyl-1H-pyrrole, 17c. α,β-Unsaturated lactam 16c (36 mg, 0.13 mmol) was reacted with methyllithium (91 μL, 0.15 mmol, 1.6 M in diethyl ether) following General procedure II. The product was purified by flash column chromatography (0-2.5% diethyl ether in petroleum ether) to yield the pyrrole 17c (29 mg, 0.11 mmol, 84%) as a white solid. 1 
